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from Treat Island described in Raport 3, with the exeeption of the leading
eondition of the beams Juring the years of veathering.

The labtoratory tests conducted sn these beams cunsisted of examinatien
and tensile testing of the steel prestressing (rretensioning) atrands after re-
moval from the beaws and also teats to determine depths of cvarbonation snd
¢hloride renetration 1nta the test bcaan.\

m‘ganeluslons tlx-mm fron the tests conducted il these beams are as
follovs: - et

C;;-J”‘The steel prestressing strands vera heavily corroded due to
spalling of the concrete and detuchment of the protective epoxy
end pads. The corrosion vas heaviest at the ends of the
strands, but it wvas also heavy i~ some areas of the midportion
of the atrand.

b. The corrosion of the strands vas so severe that of the eight
etrands tesved in tension (four from each beam), none of the
strands passad all of the ASTM fests for tensile strength or
elongation under load.

¢. The corrosion on the center wire of each strand wvas of the same
intensity as that on the outer wires.and had progressed the
same distance into the bean.

“34d. 1In areas of heavy corrosion of the strand, there was no cement
paste stuck to the strandsy where the steel was only lightly
corroded, there vas cement paste stuck to the strands, thereby
indicating that water had penetrated into the beam along the
cenent paste-steel interface where the bond had broken and then
L into the center wire through the ocuter wire.

e. Results of tests to ascertain derth of carbonation indicated
that carbonation was not a factor in the corrosion of the steel.

f. Results of tests to ascertain the degree of chloride contamina~
tion revealed that there were sufficient chlorides present to
be a major cause of corrosion of the prestressing strands. -
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PREFACE

The investigation reported herein forms a part of Civil Works Re-
search Work Unit Ol Ok 01/31133 and was approved by Office, Chief of
Engineers, on 2k May 197k,

The test pregram was carried out by the Conerete Laboratory (CL) of
the U. S. Army Engineur Watervays Experimert Station (WES), under the
direction of Messrs. Bryant Mather, Chief of the CL, L. Pepper, Chisl of
the Engineering Sciences Division, and J. M. Polatty and J. . Scanlon,
former Chief and Chief, respectively, of the Engineering Mechanics Divi-
sion. This report was prepared by Mr., Edvard F. O'Nei).

Director of the WES during the conduct of this investigation snd
the preparation and publication of this report was COY G. H. Hilt, CE.
Technical Director was Mr. F. R. Brown.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI1)

UNITS OF MEACUREMENT

U. 5. customary units of measurcment used in this report can be con-

verted to metrie (SI) units as followa:

Multiply By
inches 254
pounds (force) L, kL8202
pounds (force) per square 2.00689k757
inch
gallons (U. . liquid) 3.785h12

To Obtain
millimetres

newtons
regapascals

cuble decimetres
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DURABILITY AND BEHAVIOR OF PRESTRESSED CONCRETE BEAMS

LABORATORY TESTS OF WEATHERED TRETERGIONED BEAMO

PART I: INTRODUCTION

Background

1. This investigation was begun in 1956 to develop information on
the durability and behavior of prestressed concrete beams. Reports 1-h

of this nerieal'k

describe the test beams and the propgress of this in-
vestigation through 197k. They include data on pretensioned beams weuath-
erad at the Treat Island, Maine, exposure station and at &t. Aupustine,
Florida, and on posttensioned bveams weathered at Treat Island, The pre-
tensioned concrete beams used in the phase of the investigation reported
herein were installed at the outdoor tidal exposure station at Treat
Island ir 1958 and 1959. The beams were subjected to freezing in air
and thaving in seawater for 16 vinters and inundated twvice each day by
the tides, Then they verc returned to the Conecrete Laboratory at the

U. S. Army Engineer Waterways Evperiment Staticn (WES) for examination

and testing.

Purpose

2. The primary purpose of this phase of the investigation was to
gather additional information on the condition of the prestressing

g

strands from selected weathered beams returned to the WES from the Treat
Island exposure station. Of primary interest was the condition of the
rentral wire of each seven-wire prestressing strand and its effect on
the surrounding wires with regard to passage of water into the center of

. A

the beam. One of the conclusions stated in Report 3 of this series was
that "internal strand corrosion seemed to progress along the center wire
from the ends of the beam and extended generally w<«ll beyond the ex-

ternal corrosion on the strands." The beams were also examined in the
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same manner as that deseribed in Keport 3 of this series (Reference 3)
in order to provide a basis for comparison of results obtained in these
t¥o phases of teating.

Scope

3. The work encompassed in this phase of the investigation in-~
cluded visual examination and laberatory testing of the concrete and the
prestreseing steel strands of beawrs 13 and 21 ¢f the pretensioned beam
series. The specific tests perfermed vere as follaws:

a. Visual examination of the beams, including photographic
recording of rusting, spalling, and staining.

b. Examination and cataloging of the steel pretensioned
strands to determine extent of corrosion.

@. OStructural testing of selected strands from each beanm to
determine tuonsile strength, elongation at failure, and the
stress-strain characteristics of each strand.

Tests for degree of chloride contamination.
Tests fox depth of carbonation.

2 12




FART XI: DEOCRIFTION OF TEST SFECIMENS

k., The pretensicned concrete beams in thias study were of rectangu-

1ar ecress section {4=1/2 by ¢ in.*) and vere Bl in. long.

Fach beam con-

tained nine 1/h-in. (1 by 7) prestressing strandy located as shown in
Flgura 1. The beams were made of gocd quallty air-entrained concrete
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Figure 1. Detailed section of pretensioned concretie beerm

® A table of factors for converting 'J. £. customary units of measure~
ment to metraic (£I) units is presented on page 3.

6

T

1




o ——

using lin.stone aggregates. Physical properties of the conerete mixture
vere:

Aominal
Maximum Size Corpressive Vater-Cement
Coarse Aggregate Entrained St-ength at Slump Ratio
ip. Air, £ 28 days, psi in,
3/k k.5 % 0.5 6000 1-3/k ¢ 1/2 5.85

Tie ends of the steel stoands vere 2ut to be fluzh with the ends of the
beams and veve protezted at esch bear end with a ped of epoxy apiroxi-
eately 2 by % by 1/U in. thick.

5. All the pretencioned besxs included in this phase of the study
vere shippe: tu the WES {rom Treat Islanc at the time of this investiga-
tion, and beams i3 and 21 vere chogun for testing. These beams had been
installed at Treat Islend in various loading conditions in October of
1958 snd ware returned to the laboratocy at WES arfter 16 vinters of tidal
expasure. ‘The pretensioning steel in both beams had been stressed to
70 percent of ultimate 3atrength oi the strand,

Pous 13

6, Beam 13 vas losded, as hall of a yoked pair, to 6319 1b,
vhich vas 10 percent of prestress load. Photos la and b shov the con~
ditionz of the landward anu acavward ends, respectively, of this beam at
the time it was received in the laboratery. A2 shovn in these photos,
voth ends had received heavy damage due to spalling, thereby resulting
in exposure of the strands to direct rontact witn the saline environmeit.
Photc 2a shows the profile of the beam and the damage to the landwnrd
end. ‘The seavard end vas less damaged, but both ends of the beam had
lest the epoxy pads that protected the e=nds of the strands. The edges
of tite heam shoved moderate dammge due to weathering of the concrete
surfece.

Beam 21

7. Photo 2b shows a profile of beam 21 as it was received from
Treat Island. There is moderate to Leavy damage due to weathering, and




the beam is cracked both at the landvard and seawvard ends and in the
middle on the tension face. This beam was loaded to 5833 lb, vhich was
100 percent of the prestress load. Photoz 3a and 3 shov the deteriora-
tion of the landward and ssavard ends, respectively. Both epoxy pads
wvere missing, and at the ends moderate amounts of spalling had occurrel,
theredby exposing 1-3 in. of the strands to seavater corrosion. Cowdari-
son of Photot 3a and 3b shovws that the corrosion at the landvard -nd vas
more advanced than that at the seavard end.

»- e
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PART IXII: TERSTS AND RESULTS
Exanination of the Strands

8. After photographs were taken to record the condition of the
outside of each beam, the concrete was separated from the steel pretea-
sioning strands. Photos Lka and b shov the strands as they were being
removed from the beams. The concrete around the strands of each bean
(Photos Lka and Lb) broke into smaller pieces than did that at the top
half of the beam, and in both beans the horizontal planes of the r.rands
acted as planer of fracture when the concrete was broken. 'The ends of
beam 13 are shown in Photos Sa and 5b. The strands shov hezavy rusting
cloce to the ends yhere they were exposed when the concrete spalled.
Al8o, in this area the concrete around the strands was stained with the
products of corrosion. Farther into the team where there was less rust
on the strands, tere vere fewer stains on the concrete. Photos 6a and
6b shov the rust on the strands and rust stains on the concrete of beam
21 at the landward and seavard ends, respectively. Where the strands
vere heavily rusted, the concrete was heavily rust-stained, and wvhere
the strands were lightly rusted, similar rust stains occurred on the
concrete.

9. Of the nine pretensioned strands in each beam, the four
strands in the best condition wvere chosen for structural testing. The
remaining strands vere unraveled and the extent of corrosion on the
strands recorded. Particular note was made of the extent of corrosion
on the center wire with relation to that on the outside wires that
surrounded it.

10. The locations of the steel strands in each concrete beam are
shown in Figure 1. There are three strands in each of three rows: the
strands in the row nearest the top of the beam as cast are numbered 1,
2, and 3; those in the middle row 4, 5, and 6; and those in the bottom
row 7, 8, and 9. Each strand is a nominul 1/4-in.-diam strand consist-
ing of seven wires, a center wire with six others surrounding it.

1l. The terms used in evaluating the corrosion on the surface of




the sicel strands {rom beams 13 and 21 are the sams as those used and de-
fined in Report 2 (Reference 3), thereby making possible a comparison be-
tween the results reported herein and those presented in Report 3. For
convenience, terms and definitions are reproduced below.

Surface Area of Strand
Coated with Corrosion

Exteny of Corrosion Products, percent
Heavy 80-100
Moderate 30-80
Light 0-30

Heavy corrosion of the strands is shown in Photo Ta and light corrosion
in Photo Tov.
1z, The tests conducted on the pretensioned besms returned from
Treat Island were as foilows:
a. Examination of steel prestressing strands.

b. Determinatior of tensile strength and elastic properties
of the steel strands.

Tests for depth of carbonation.

e Io

Tests for degree of chloride contamination.

Beam 1
13. The following subparagraphs describe the corrosion on the
steel strunds from beam 13.
&, Strand 1.

(1) Landward end: External corrosion extended for 7 in.
from the end (0-k in. = heavy; L-7 in. = moderate).

(2) Seaward end: External corrosion extended for 9 in.
from the end (0-2 in. = heavy; 2-9 in. = moderate).

(3) Rest of strand: There was light rust over much of
the midportion of the strand with two l-in. spots of
heavy rusting, one 17 in. from the landward end and
the other 13 in. from the scaward end.

(k) Internal versus externai: The rust on the center
wire exactly matched that on the outer wires for
both ends.

b. Strand 2.

(1) Lendward end: External corrosion extended for 55 in.
from the end (0-55 in. = heavy).

HE SRt kS e BRRPAS 2B SO,
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Strand L.

(2) Seavard end: External corrosioa sxtended for 3 in.
from the end (0-3 in. = heavy).

(3) Rest of strand: The rusting vas heavy over most of
the midsection of this atrand, like that described
above for the landward end of this strand. The only
section that was lightly rusted was close to the sea-
ward end.

(4) Internal versus external: The center wire was heavily
rusted vhere the outer vires were rusted for 55 in.
from the landvard end and lightly rusted for the re-
mainde: of the strand.

Strand 3.

(1) Landward end: External corrosion extended for 18 in.
from the end (0-17 in. = heavy; 17-18 in. = modarate).

(2) Seaward end: External corrosion extended for 3 in.
from the end (0-2 in. = heavy; 2-3 in. = moderate).

(3) Reat of strand: At a spot 27 in. from the landward
end, there was a patch of heavy rusting 2 in. loug.
The rest of the strand wvas mildly rusted. At the
landvard end the vires of this strand were badly
tvisted and bent,

(4) Internal versus external: At the isolated spot of
rust 27 in. from the landward end, the center wire
became heavily rusted. The rusting on the center
wire to either side of this area was light. At the
landvward end vhere the outer wires were twisted and
tent, the center wire was missing from the le gth of
the twisted section, Tne rust at the seaward end
was light.

(1) Landward end: External corrosion extended for 18 in.
from the end (0-5 in. = heavy; 5-15 in. = moderate;
15"18 ino = 1i8ht)o

(2) Seaward end: External corrosicn extended for 3 in.
from the end (0 to 1/2 in. = heavy; 1/2 to 3 in. =
moderate).

(3) Rest of strand: There were light intermittent areas
of rust on the midportion of the strand, but overall
the rusting was light.

() Internsl versus external: At the landward end the
heavy rusting on the center wire extended 2 in. far-~
ther into the beam than did that on the outer wires;
on the rest of the strand the corrosion essentially
matched ‘that on the outer wires.

11
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Strand 5.

(1) Landward end: External corrosion extended for 30 in.
from the end (0-30 in. = heavy).

(2) Seaward end: External corrosion extended for T in.
from the end (0-2 in. = heavy; 2-5 in. = moderate;
5=T in. = light).

(3) Rest of strand: At 28 in. from the landward end there
wvas a spot of heavy rust 1 in. long; otherwise there
vere only light spots of rusting.

(4) Internal versus external: At the seavard end there
vas moderate to heavy rusting from O to 7 in.,
after vhich the rust became light. For the 30 in.
at the landwvard end, the center vire was heavily
rusted.

Strand 6.

(1) Landward end: External corrosion extended for 7 in.
from the end (0 to 2-1/2 in. = heavy; 2-1/2 to T in.
= moderate).

(2) Seaward end: External corrosion extended for 7 in.
fron the end (0 to 2-1/2 in. = heavy; 2-1/2 to 5 in.
= moderate; 5-7 in. = light).

(3) Rest of strand: From 1k to 24 in. from the seaward
end, there vas light to moderate rus:ing on the mid-
portion of the strand.

(4) Internal versus external: The corrosion on the cen-
ter wire matched that on the outer wires. In general,
the rusting was light with the exception of the ex-~
treme 2-1/2 in. at each end.

Strand T.

(1) Landward end: External corrosion extended for T in.
from the end (0-3 .a. = heavy; 3-T in. = moderate).

(2) Seaward end: External corrosion extended for 8 in.
from the end (0~3 in. = heavy; 3-6 in. = moderate;
6-8 in. = 1ight).

(3) Rest of strand: Tuere were two sSpots of heavy rust
on the midsection of this strand, one a 3-in. rust
spot 18 in. from the seaward end and the other a
J-in.~long spot 29 in. from the seawcrd end.

(4) Internal versus external: The rusting on the center
wire was heavy at both ends, matching the external
corrosion on the strand. At the two heavy spots on
the midportion of the strand, the center wire had
heavy corrosion.

12
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Strand 8.

(1) Landward end: External corrosion extended for 9 in.
from the end (0-k in. = heavy; 4-9 in. = moderate).

(2) Seaward end: External corrosion extended for 8 in.
from the end (0-7 in. = heavy; 7-8 in. = moderate).

(3) Rest of strand: On the midportion of the ntrand
there vas a 26-in.-long section that had 10 in. of
heavy, 10 in. of moderate, and 6 in. of light corro-
sion. Two of the wires were broken in this area due
to heavy corrosion.

(4) Internal vi .s external: The inner wire had corro-
sion over the entire length. At both ends the cor-
rosion of the center vire was heavy and matched that
of the outer wires. Throughout the midportion the
corrosion vas light to moderate.

Strand 9.
(1) Landward end: External corrosion extended for 10 in.
from the end (0-4 in. = heavy; L4-10 in. = moderate).

(2) Seavard end: External corrosion extended for T in.
from the end (0-4 in. = heavy; L-T in. = moderate).

(3) Rest of strand: There vas light rusting over the
entire midportion of this strand with heavy rust

spots 1 in. long at 13, 22, and 29 in. from the
ceavard end.

(4) Internsl versus external: The corrosion on the cen-
ter vire matched that on the outer wires.

The following tabulation summarizes the corrosion to the

strands of beam 13,

Extent of Corrosion®

Landwvard Seaward

Strand End End Rest of Strand
1 L-H 2-H Light rust over rest of strand. Two
3-M T-M 1-in. heavy spots
2 55~H 3-H Most of the midspan heavily rusted
3 17-H 2-H Generally light rust. At 27 in., from
1-M 1-M the landward end, a 2-in,-long

heavily rusted area

(continued)

®# )_} 6 3-M denotes heavy corrosion on the first I in. and light
corrosion on the next 2 in,

13




Extent of Corrosion

Landward Seaward

Strand End End Reat of Strand
L 5-H 1/2-  Light intermittent rust on all the
10-M 2-1/2-M wires
3-L
5 30=-H 2-H Light rust over rest of wires. At
3-M 28 in. from landward end, & l-in.
2-L heavy rust spot

6 2-1/2-H 2-1/2-H From 1k to 24 in. from seaward end,
h-1/2-M 2-1/2-M  1light to moderate rust

2-L
7 3-H 3-H Two l-in.-long spots of heavy rust;
4-M 3-N rest only lightly rusted
2-L
8 h-H 7-H In 26-in.-long section, 10 in. of heavy,
5-M 1-M 10 in. of moderate, and 6 in. of
light rust; two broken wires due to
heavy corrosion
S 4-H 4-H Light rust over entire section. l-in.
6-M 3-M spots of heavy rust at 13, 22, and

29 in. from landward end

15. External corrosion on the strands of beam 13 was generally
heavy for the first 5 in. from the landward end; then the corrosion be-
came moderate., Strands 2, 3, and 5 exhibited heavier corrosion for
greater distances into the beam, the greatest being strand 2 with heavy
corrosion for 55 in.; however, basically the corrosion beyond 30 in. be-
came light and intermittent. At the seaward end of the strands, the cor-
rosion was generally heavy for less than 4 in. and then became moderate

to 8 in. The centers of the strands were in most cases lightly corroded
with intermittent heavy rust spots at various distances from the ends.
Strands 2 and 8 had extended lengths of moderate and heavy rusting.

16. The intensities of rusting on the ceqﬁer vires of the beam 13
strands matched those on the external wires in all cases except the one
for the landward end of strand 4. Here the center wire was heavily
corroded for 2 in. farther into the beam than were the outer wires.
Photos 8a-8c show the relation between the outer wires and the inner
wire of strands 3, T, and 8 in beam 13. Although the rusting is
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difficult to see because of the lack of contrast, these photographs show
how the rusting of the inner vwire matches that of the outer wires, In
each photograph, the wires are more heavily corroded in the right half

4 of the picture.

§ Beaa 21

‘ 17. The following subparagraphs describe the corrosion on the

3 steel strands examined from beam 21.

s a. Strand 1.
i

|

(1) Landward end: External corrosion extended to 12 in.

from the end (0-9 in. = heavy; 9-11 in. = moderate;
11-12 in. = light).

(2) Seavard end.*

(3) Rest of strand: There were light intermittent spots
of rust throughout the central portion of the strand.

(4) Internal versus external: Heavy corrosion existed on
the center vire up to 12 in. from the landward end of
the strand; there vas light rust on the center strand -
throughout its entire length.

b. Strand 2.

(1) Landward end: External corrosion extended to 19 in.
from the end (0-9 in. = heavy; 9-19 in. = moderate).

(2) Seavard end.*®

(3) Rest of strand: There was light rust on the central
portion of this strand over its entire length.

(4) Internal versus external: Moderate and heavy rusting
on the center wire matched that on the outer wires to
i 19 in. from the landward end. The center wire had
: light rust throughout its entire length.

¢. Strand 3.

|
t
\ (1) Landward end: External corrosion extended for 30 in.
% from the end (0-30 in. = heavy).

(2) Seaward end: External corrosion extended for 2k in.
from the end (0~19 in. = heavy; 19-2L in. = moderate).

(3) Rest of strand: There were small rust spots less
than 1/2 in. long over most of the midsection.

(4) Internal versus external: Internsl corrosion at the

#® Portions of the strand were either destroyed by or not identified
after structural testing.

15
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landvard end matched the external corrosion on the
strand, and corrosion on the center wire in the xid-
gsection of the strand vas light. The corrosion on
the central vire at tha s2awvard end extended 1/2 in.
farther into the beam than did that on the outer
vires.

Strand k.

(1) Landward end: External corrosion extended for 9 in.
from the end (0-9 in. = moderate).

(2) Seavard end: External corrosion extended for 22 in.
from the ond (0=l in. = moderate; L4-22 in. = heavy).

(3) Rest of strand: From 30 to 42 in. froam the landward
end the external corrosion was heavy. On the resi of
the midsection there was light rust.

(4) Internal versus external: The corrosion on the cen-
ter wvire matched that on the outer wvires. Heavy cor-
rosion existed on the center vire over 9 in. of the
landwvard end and 22 in. of the seavard end. The mid-
section of the center vire had light rusting.

Strand 5.

(1) Landward end: External corrosion extended for 15 in.
from the end (0-15 in. = moderate),

(2) Seavard end: External corrosion extended for 30 in.
from the end (0-12 in. = moderate; 12-30 in. = heavy).

(3) Rest of strand: From 20 to 30 in. from the landward
end the rusting wvas heavy. The rest of the midsection
was lightly rusted.

(L) Internel versus external: The corrosion on the cen-
ter wire vas the same as that on the outer wires. The
rusting wvas heavy at both ends and also from 20 tc
30 in. from thc¢ landvard end. The remaining rust on
the center wire wae light.

Strand 6.

(1) Landward end: External corrosion extended for 10 in.
from the end (0-2 in. = heavy; 2-k in. = light;
4-10 in. = heavy).

(2) Seaward end: External corrosion extended for 20 in.
from the end (0-7 in. = heavy; 7-20 in. = moderate).

(3) Rest of s:rand: The entire central section from
10 in. freom the landward end to 20 in. from the sea-
wvard end was heavily corroded. The steel was so oo~
teriorated that at 48 in. from the landward end tw>
of the outer wires were broken.

16




(%) Internal versus uxternal: There was heavy corrosion
over most of the cuntral wire in this strand. The
only srea that hud less than heavy corrosion vas at
10 in. from the landvard end, vhere the corrosion vas
moderate. At the point 48 in. from the landward end
where the outer vires were broken, it was also found
that the central wire had been broken due to exces-
sive corrosion. The central wire vas also broken at
a point 27 in. from the landwvard end.

Gtrand 7.

(1) Landward end: External corrosion existed for 12 in.
from the end (0~12 wn. = heavy).

(2) Scavard end.®

(3) Rest of strand: There vas moderate corrosion on the
wires in the midsection of this strand. This strard
wvas tension-tested and left in four sections, thus
hindering evaluation.

(4) Internal versus external: At the landward end the
internal wvire vas corroded to the same depth and de-
gree as vere the outer vires. There was heavy cor-
rosion for 12 in. from the end of the strand. Corro-
sio: on the rest of the strand was difficult to
catalcg, but vhat appeared to be the central vire vas
moderately to heavily corroded.

Strand 8.

(1) Landward end: External corrosion extended for 12 in.
from the end (0-6 in. = heavy; 6-12 in. = moderate).

(2) Seavard end: External corrosion extended for 10 in.
from the end (0=l in. = light; 4-10 in. = moderate).

(3) Rest of strand: From 31 t¢ 50 in. from the landward
end the corrosion vas moderate.

(4) Internal versus external: The corrosion of the cen-
ter wire matched that of the outer wires at both ends,
and in the midsection the corrosion was heavier
31-50 in. from the landvard end tlin anywhere else in
the middle.

Strand 9.

(1) Landward end: External corrosion extended for 4 in.
from the end (0-l in. = heavy).

® Portions of the strand vere either destroyed by or not identified
arter structural testing.

-y
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(2) Seavard end: Fxternal corrosion extended for 60 in.
from the end (0~6 in. = moderate; 6-60 in. = heavy).

(3) Rest of strand: Nost of the central portion or the
strand wvas h.oavily rusted and has been described
above. The rest of the astrand vas lightly corroded.

(k) Internal versus external: Heavy corrosion on the cen-
ter vire vgs identical to that found on the outer
vires. From 0 to 60 in. the seavard end wvas heavily
corroded, as vas the landwvard end from O to § in.

18. The fullowing tabulaticn summarizes the corrosiovn to the
strands of beam 2).

Extent of Corrosjon®

Landvard Seavard
Strand End End Rest of Strand
b 9-H Not availadle Light intermittent rust throughout
2-M
1-L
2 9-H Not available Light intermittent rast throughout
20-M
3 30-H 19-H Small rust spots 1/2 in. long over
5-M most of section
L 9-M L-M Heavy corrosion 30-42 in. from land-
18-H vard end; light rust over rest of
section
5 15-M 12-M Heavy rust 20-30 in. from landward
18-H end; light rust over rest of
section
6 2-H T-H From 10 in. from the landvard end to
2-L 13-M 20 in. from the seavard end, entire
6-1 strand heavily corroded
T 12-H Not available Moderate corrosion on most of
midsection
8 6-H k-1 Moderate corrosion 31-50 in. from the
6-M 6-M landward end
9 L-H 6-M Central part of the strand heavily
5k-H rusted

* 9-H, 2-M, l-L denotes heavy corrosion on the first 9 in., moderate on
the next 2 in., and light on the next 1 in. of the strand.

19. The length of external corrosion on the strands of beanm 21

18




was somewhat lesc than that on the strands of beam 13; however, the in- |
i tensity of the rusting was greater. Heavy rusting at the landward end

A ; gencrally extended to 10-12 in. from the end of the beam. Then the rust-

iR 5 ing became moderate and was considered light after 1% in. The only ex-

: ception vag atrand 3, which was heavily corroded to 30 in. from the end
of the strand. The rust at the seaward end was much more extensive on
the strands of beem 21 than that on the strands of the seaward end of
beam 13. The rust generally extended inward from the end of the beam
for more than 20 In. and in one case extended to 60 in. from the end of

- : the strand. The rust was categorized as heavy over most of the corroded

\ length, but the heavy corrosinn occurred avay from th. end of the strand.

- Strands k, %, 8, and 9 had moderate rust at the ends and heavy rust fer-

i | ther into the strand.

t s,
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Ul 20. Corrosion un the central section of the strands in beam 21 vas
iiA‘ to a larpge extent heavy, as deseribed in the previous paragraph. Of the
v gpots not covered by the description in paragraph 19, most were lightly
rusted. Strands ¥ and 5 had heavy ruct for 10 and 12 in., respectively,
and the entire central section of strand 6 was heavily rusted.

21. 'The interior wire of this beam shoved the same results as did
, the interior wire of beam 13. The corrosion of the center wire matched
that of the cuter wires. FPhotos 9a-9d show the center wire in relation
to the outer wireus of strands k, 6, 8, and 9. In all cases where the
outer wires wecre heavily rusted, the inner wires vwere also, and where
| the outer wires were lightly rusted, the center wires were also,

22. The rusting on the strands was heavier in beam 21 than in
bveam 13. Photo 10 shows wires from strand 6 of beam 21 at a point
24 in. from the seaward end of the beam where two outer wires and the

o
.
-~
-~ - [T

o

,..
v
Anaruntic. ¢ wsn

0.

Y

~e -

| inner wire were corroded. This result was also shown in the structural
testing of the strands of beams 13 and 21.

23. Roshore3 found that the internal corrosion of the strand had
progressed farther from the ends of the beam than the external corrosion.
His observations showed that the center wire, and the internal surfiices

of the six external wires, were rusted for a longer length inward from

BANEET 7% | ¥k TS, JEWVTy " SEUPAREY Wy

the beam ends than the external surfaces of the six external wires. His

19
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conclusions were that vater anl Jxygen progressed slong the volds sur-
rounding the ce.ter wire and reuched farther into the bean internally
than externally. A similer observativn wrs not made during ths woark re-
ported here. The cause of the differences in observations s not knawn.
Many fuctors were lirferent between the pairs of beams reported on here
and previously.3 The prestressing loads for beamc studied yrgviousty,a
Nos. L and 8, were approximately 1 percent and TO percent «f wuitisate
strand strength, respectively. DBeams 13 and 2) studied in this work were
both loaded tv 70 persent of ultimate strength of the prestressing
strands. Beams % and 8 were placed &t Treat Island without heing flex-
ucally loaded, while becms 13 and 21 were loaded in flexure to 108 per-
cent and 100 percent cf the prestressing load to balance the compressive
stresses placed on the concrete at the time of preatress transfer. An
additio.ul difference wasn that beams 4 and § vere returned to the WES in
1968 while beams 13 and 21 remained at the expssure site unsil 197k.

2k, One possible reason vhy the greater extent of corrcsion was
not Tound in this work is that the higher level of tensile atress in the
strands caused by the additional flexural loading of beams 13 and 21 may
have increased the Jdegree to which the bond was deatroyed along the strand.
Also, the additional periocd of 6 years of exposure to freczing and thaw-
ing may have increased the degree of dond failure o the poini where the
progress ol vater and oxygen was the same as that along the center wire.

Tensile Strength and Elastic Properties of Stranas

25. Four strands from each cf the two heams were tension-tested
to determine ultimate tensile strength, ultimate tensile stress, total
elongation, and load at ) percent elongation. The testing was conducted
in general accordence with the applicable portions of ASTM Designation:
A 416-68 (Reference 5) and the results compared with the stated specifi-
cations for this type of prestressing strand. The specifications are
as follows:

Minimum load at 1 percent extension: 7650 1b

Minimun witimate load: 9000 1b
Minimum ts:<l elongation: 3.5 percent
20
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T 26, The 1.8 tested from beax 13 were considered to e the
least corradud of the nisne atrands uf that beam. Caly twos of tne strands
met the requirements of AUTM A MA6-68 for ultirmate ioad, aud rene of the

- sprelmens pagssed the requirement for minimum percent total elungstion.

!I‘laf: reunlts chtained are gliven belews

Iad at
- - ~ Ultipate. 1 Tercent Total
} Uitimate  Stress Extennion Elongation
Lerart  load, 1b 5.t S b percent
2. - o900 - . 258,239 8300 2. 1%
S B - R <3 3 T LA | - 0.80"
) R R 5 P - 860,795 7700 2.85%
. -8 ) ﬁSﬁO"* - - 235,795 8250 1.05%

. ) | i

* I‘r,rami dhi not me»t i\'ﬂ‘i mirdnue requiroements i‘ar totuld
e.:.ahgc.ﬁiou. B

- W wavage did naz meet A..&’ﬁ ninimun reguirerents for widie
t mte Tond,. I
- t Btrasd did not resch 1 peresnt exiennion tue™re fallurve.
. Beum a

27. The four strands of bosam 21 thei wers tension~insted had thn
stress-strain characferistics presante& belowd, Aly four surande failed
to meet ASIM requirements for ultimate loed, loead abt X pesoent vxtension,
and Lutax elongation.

L ad st
‘ Ultimate 1 Yercent Tatal
Ultinmate - Rgresc Extension Elongation
‘ Strard  Load, 1b psi 1 percent
; 2 60fg* iT2,%27 ks 0.60+
' 5 h3rom 124,147 ~ e 0.5
: 7 7880% 223.864 ~- R 0.87¢

# Strand did not meet ASTM minimum requirements for ulti-
mate load.

¥%  Strand did not reach 1 percent extension before failure.
+ Strand did not meet ASTM mifilmun requiremerts for total
elongation.

A typical stress-strain curve for each beam is presented in Plate 1.
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Lepth of Carbonation

8.  Clices of conerete fram the top hslves of beams 13 and 21
were tested for depth ol carbonation. The slices ware approximately
% in. long, 4 in. wide {the full width of the beam), and 1/k in. thick.
The slices were taken from the top of each beam duwn to the level of. the
top row of prestransing strands. Each section woes treated with a 1 per-
cent anhydrens phenolphthalein golution. Phenolphthalein, being an acid-
base indicator, turns pink In the presence of alkalies wiih a pH greater
than 8.2 (Reference 6) and remains clear in the sreasence of acids or
alkalies with a pH lower than 8.2, By coating the cross-sectional
slices with this indicator, the depth of carbenation can bYe visibdbly
determined.

29. I~ Photes 1l and 12 it can e gseen that the depth to which
carbuuntion peretrated vas .ess than 1/16 in. In most cases the phenol-
phthalein indicator turned red at the outer surface of the beam. This
was true of sliees from both beams. In these photographs the darker
areas represent the concrete that had not been carbchisted, and the
lighter conecrete arcas, if there are any, nrear the surface of the beam
represent the depth of carbonation. It should be noted that the
aggregate is light because it is limestone and a carbonate aggrepate.
The approximate locations of the sections are given below:

Distance from
Landward End Depth from Top

Beam-Section in. of Beam, in.
13-1 L6 1
13-2 L6 ?
13-3 L6 2
13-k 46 L
13-5 L6 5
21-1 2k 1
21-2 2} 2
21-3 2k 3
21-k 2k L
21-5 2} 5

30. This test was previcusly conducted on beam 8 from the same

22
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vepth of Carbonation

o8, Slices of concrete from the top halves of beams 13 and 21
vere tested for depth of carbonation. The =llices war» approximately

1 % in. leng, % in, wide (thy full widsh of the beam), and 1/k in. vhick.
h The slices wera taksn from the top of each beam down to the level of. the
top row of prestrozsing strandu. Each gsection vwas treated with a 1 per-

cent anhydrons phenolphithalein golution. FPhenolphthalein, being an acid-
base indicator, turas pink in the presence of alkalies wiih & pH greater

4 than 8.2 (Reference &) and remains clear in the sreaence of acids or ,
! alkalies with a pH lower than 8.2, By coating the cross-sectional !
j slices with this indicator, the depth of carbenation can be visibly

% determined.

*

29. Jn Photes 11 and 12 it can be seen that the depth to which
carb.urntion peretrated vas —egs than 1/16 in. In most cases the phenol-
2 phthalein indicator turned red at the outer surface of the beam. This
« was true of slices from both beams. In these photographs the darker j

D
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areas represent the concrete that had not been carbainsted, and the }
lighter concrete arcas, if there are any, near the surface of the beam

represent the depth of carbonation. It should be noted that the

aggregate is light becauge it is limestone and a carbonate aggregate.

- e e v e ——

The approximate locations of the sections are given below:

Distance from
Landwvard End Depth from Top

Beam-Section in. of Beam, in.
13-1 L6 1l
13-2 L6 ?
13-3 46 2
13-k L6 k
13-5 L6 5
21-1 24 1 i
21-2 2 2 §
21-3% 2l 3 !
21-k 2k 4 |
215 2y 5 t

30. This test was previcusly conducted on beam 8 from the same
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series of beams and the results reported in Report 3 (Reference 3); the
results of both tests are similar.

Degree of Chloride Contamination

3l. From each beam, samples of concrete were taken and tested for
degree of chloride contamination. The concrete samples were L/k in.
thick and were taken from beam 13 at depths of 5/8, 1-3/8, 2-5/8, and
3-3/8 in. from the surfacc and labeled samples 1-k, respectively; slices
vere taken from beam 21 at depths of /8, 1-5/8, 2-3/8&, and 3-1/8 in.
from the surface and labeled samples l-k, respectively. The lucation of
each sampie and chloride content in percent by weight of concrete are
presented in the following tabulation.

Depth from Distance from Chlorides, %
Nearest Surface Landward End by wWeight of

Beam-Uample _of Beam, in. in. Concrete
13-1 1/2 30 0.803
13-2 1-3/8 30 0.585
13-3 2-5/8 30 0.68%
13-k 3-3/8 30 0.762
21-1 5/8 26 0.839
21-2 1-5/8 26 0.582
21-3 2-3/8 26 0.k71
21-4 3-1/8 26 0.443

32. The concrete was analyzed for chloride convent using the
silver nitrate titration procedure described by Berman.7 The chloride
contents reported ranged from 0.k43 to 0.839 percent by weight of con~
crete. Plate 2 shows that chloride content decreases with depth in
beam 21 but not in beam 13, where an initial decline was follovwed by an
increase. This relation was previously observed by Roshore (Reference
3) in specimens from St. Augustine,
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PART IV: CONCLUCIONS

33. The external corrosion of the steel strands in both beams was
heavier at the ends than in the midsections of the strands. Although in
some strands extensive heavy corrosion wag found on the midsection, gen-
erally the midsection wvas only lightly rusted. USince it was noted tiat
small pieces of cement paste were attached tov the strands in areas of
light rusting and no cement paste was on the atrands in areas of hedvy
corrosion, it was concluded that the areas in which there was good hond
between the cement paste and steel vere protected against heavy rusting,.

3%, From the atructural tests conducted on the most sound strands
of each beam, it was concluded that the extent of corrosion on the
strands of pretensioning steel was severe enough to raduce the tensile
properties of the steel to an unacceptable level,

35. There was only one case in which the corrosion on the center
wire extended farther into the beam than did the corrosion on the outer
wvires. In all the other cases, the intensity and length of the rust
along the center wirc matched that along the outer wires. From these
results, it was concluded that (a) water traveled along the lengtk of
the strand only where there was little or no bond between the cement
paste and steel, (b) corrosion of the center wire was the result of
water and oxygen seeping into the strand from the cement paste~-steel
interface rather than from progression along the central strand, apd
(e) corrosion due to water being pulled farther into the strand length
by the center wire did not exist. This conclusion differs from that
given by Roshore.3 The difference may be due in large part to differ-
ences in load level applied to the beams as these affected the quality
of bond between paste and steel over a long exposure time.

36. Reéults'of tests conducted to ascertain the depth of carbon-
ation by coating sliced sections with phenolphthalein indicator revealed
carbonation depths to 1/16 in. or less. Tt was therefore concluded that
carbonation was not a determining factor in the ccrrosion of the steel.

37. Results of tests for degree of chloride contamination re-
vealed chloride contents ranging from 0.443 to 0.839 percent by weight

2l




of conceretc. In beam 21 the chloride content decrcased with depth from
the surface; in beam 13 an initial decline in concentration with depth
for approximately 1 to 2 in. was folloved by an increase (see Plate 2).
From these results it was concluded that sufficient chlcrides were
present in the concrete to be a major cause of corrosicn of the steel.
38. It is also concluded tnat the 3- by 5- by 1/2-in.~thick epoxy
end protection pads did not adequately protect the ends of the strands
from corrosion.

39. Sufficient corrosion data were not obtained to establisk a
relationship between durability and intensity of loading.

25
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n, Landward end b. Seaward end

Photo 1. End views of beam 13

b. Beam 21

Photo 2. Spalling damage




b. Scaward end

Fhoto 3. End views of bean 921

b. Beam 21

Photo k. Exposed steel strands




2. Landward end condition b. Scaward end condition

Photo 5. Rusting and staining to beanm 13
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a. Landward end condition ‘
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b. Beaward end condition

Photo 6. Rusting and staining to beam 21




b. Light

a. Strand 3 at seaward end

b. Strand T at 10 in. from landward end

c. Central section of strand 8 at 17 in.
landward eng

Trom

Photo 8. Relation between outer wires ang inner

wire of some strands in beam 13
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a. Strand k at 7 in. from czavard end

b. Strand 6 at 15 in. from landward end

¢. Strand 8 at 10 in. from seaward end

d. Strand 9 at landward end

Photo 9. Relation between outer wires and inner wire
of some gtrands in beam 21

el

Photo 10. Corroded wires of strand 6 of beam 21




b. Yeectienm O

Fhoto 11.

Depth ol carbonation penetration in beam 13

(sheet 1 of 2)
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CHLORIDES, PERCENT BY WEIGHT OF CONCRETE
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In accordance vith FR 70-2-3, parsgrsph 6c(1)(v), ”
dated 15 Pebruary 1973, & facsiile catalog cand *
in Lidraxry of Coogrees format i& reproduced below,

*Neil, Eduard F
PDurability and bchavior of prestressed cancrote beanms
N Report 5: Laboratery tests of weathered pretensioned heams,
by Edward F. 0'Neil. Vicksburg, V. 8. Army Engincer Water=
1 wavsg Experiment Station, 19764,

+
1 v. (various pagings) {llus. 27 en. (U, §. Water- :
{‘ vays Experiment Station. Technieal report A=570, Report 3) |
”f - Prepared for 0ffico, Chiel of Engincers, W. S. Army, Wash- 2
i ington, D. €., under Work Unit 01 04 N1/31133. 1
S i Includes bibliography.
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4, Lahoratory tests. 5. Prestressed concrete. h,. Pre-
11 tanefaning. 7. Reinforeing steels. 8. Tensile strength.
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